Introduction
Nek1 is a member of the NIMA (Never in mitosis A)-related kinase (Nrk or Neks) family of serine/threonine kinases. In the filamentous fungus, Aspergillus nidulans, activation of a structurally related serine/threonine kinase, designated NIMA, plays a pivotal role in controlling entry into mitosis (1) (2) (3) . Homology-based screens for NIMA genes in higher eukaryotes have uncovered a large family of Neks and in mammals 11 Neks, Nek1 to Nek11, have been identified (4) . All Neks have a conserved N-terminal kinase domain that have .40% of amino-acid similarity and with the exception of human Nek6, Nek7 and Nek10, possess a C-terminal non-catalytic regulatory domain. The length and composition of motifs in the C-terminal region vary considerably, with several protein-protein interaction and protein degradation motifs (4) .
Nek1 has the largest non-catalytic C-terminus among mammalian Neks, with several coiled-coil domains, PEST and D-box degradations signals and both nuclear localization and export consensus sequences (4) . These signatures suggest that Nek1 is a highly integrated and regulated protein. Accordingly, yeast two-hybrid assays using the central coiled-coil region of human Nek1 as bait identified 11 proteins, which include KIF3A (kinesin family member 3A), MRE11 (meiotic recombination 11), p53BP1 (p53 binding protein 1) and ATRX (alpha thalassemia/mental retardation syndrome X-linked) (5) .
The interaction of Nek1 with proteins involved in DNA repair point to the importance of Nek1 in this process. The importance of Nek1 in DNA repair has been characterized most thoroughly in response to ionizing radiation (IR) (6) . This kind of DNA damaging agent induces predominantly double-strand breaks (DSBs), which in mammals are repaired mainly by nonhomologous end joining (NHEJ) and to a lesser extent by homologous recombination (HR) involving proteins already shown to interact with Nek1, such as MRE11, p53BP1 and ATRX (5, 7, 8) . IR exposure leads to nuclear localization of Nek1 in discrete nuclear points, possibly in double-strand DNA break sites, as well as increasing Nek1 expression and activity (6) . Lack of Nek1 prevented G 1 /S or G 2 /M phase arrest in response to IR, as well as phosphorylation of Chk1 and 2 (9). Therefore, Nek1 was suggested as a kinase located at the early steps of IR-induced DNA damage signalling.
In the present report, we show that Nek1 is important in the cellular response to the genotoxic agents methyl methanesulfonate (MMS), hydrogen peroxide (H 2 O 2 ) and cisplatin (CPT), which induce diverse DNA lesions and activate various repair mechanisms. MMS is a monofunctional alkylating agent that covalently reacts with only one nucleophilic center in DNA, modifying guanine to 7-methylguanine and adenine to 3-methyladenine, causing the incorrect pairing of the bases and blocking replication (10) . Methyl groups can be directly removed by DNA alkyl transferase or repaired by base excision repair (BER) (11) . H 2 O 2 produces reactive oxygen species (ROS) resulting in apurinic or apirimidinic sites that are repaired by BER (12) . ROS also induces single-and doublestranded DNA breaks, which may recruit several repair mechanisms which include HR, NHEJ, mismatch repair, translesion synthesis and transcription-coupled repair (13) . CPT treatment induces formation of DNA intra and interstrand cross links (ICLs), DNA-protein cross links and monoadducts with DNA (14) . ICLs represent a small amount of the total CPT lesions but they seem to be responsible for the cytotoxicity of CPT. Several lines of evidence suggest that DNA cross links are repaired through an incisional-recombinational repair mechanism that involves components of nucleotide excision repair (NER) and HR. Data with Xenopus egg extracts suggest that DNA polymerase f is required for ICL repair and this repair leads to activation of ATR checkpoints and Fanconi anaemia pathways (15) . 
Materials and methods

Chemicals
Cell culture
The Human Embryonic Kidney cells (Hek293t) and the human glioblastoma (U87) were obtained from the American Type Culture Collection (Manassas, VA, USA). Hek293t cells were cultivated in DMEM high glucose, and U87 cells were cultivated in DMEM (Gibcoä) low glucose supplemented with 10% heat-inactivated FBS, 0.2 mg/ml L-glutamine, 100 IU/ml penicillin and 100 g/ml streptomycin. Cells were maintained in tissue culture flasks at 37°C, in a humidified atmosphere containing 5% CO 2 , and were harvested by treatment with 0.15% trypsin-0.08% EDTA in phosphate-buffered saline (PBS) solution.
RNA interference
Lentiviral encoding vectors were produced by cotransfecting pLL3.7 containing a sequence specific for human Nek1 [G(2127)CGAGAAATACTTCG-TAGA; initiator A(1)TG] together with the helper vectors CMV-VSVG, RSV-REV and pMDLg/pRRE into HEK293 cells (8, 16) . After 48 h, supernatant were collected, centrifuged at 5000g for 10 min, filtered through a 45-lm mesh and added to 50% confluent cells in the presence of 100 lg/ml of polybrene. Cells expressing green fluorescent protein (GFP) were isolated by serial dilutions and GFP-positive colony selected. For the control of short hairpin RNA, cell lines were transduced with lentiviral vector containing the codifying sequence of GFP.
Protein electrophoresis and western blot Cells were lysed in lysis buffer [50 mM Tris pH 7.4, 100 mM NaCl, 1 mM dithiothreitol, 1 mM ethyleneglycol-bis(aminoethylether)-tetraacetic acid, 10 mM b-glycerophosphate, 1% Triton-X 100, plus protease inhibitors (EDTA-free tablets; Roche], and western blotting was performed as described (17) . The Nek1 antibody (sc-7437) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Phospho-Chk1 (Ser296) and PhosphoHistone H2AX (Ser139) antibodies were from Cell Signaling Technology (Danvers, MA, USA). Polyvinylidene difluoride membranes were stained with coomassie blue and the stained membrane was used as a loading control.
Alkaline and neutral comet assay Cells were treated for the indicated time, after which the media with genotoxic agents was removed and the cells were incubated in complete media. Samples were collected at different time points after the treatment (0.5, 1 and 4 h for H 2 O 2 ; 2, 4 and 12 h for MMS; 12 and 24 h for CPT) and evaluated by the comet assay.
The alkaline comet assay was performed as described by Singh et al., with minor modifications (18, 19) and the neutral comet assay was adapted from Singh et al. (20) . Cells (3 Â 10 6 cells) were seeded in complete media and grown for 2 days prior to treatment. Cells were then incubated in FBS-free medium with different concentrations of MMS for 2 h, CPT for 1 h or H 2 O 2 for 30 min. After treatment, cells were embedded in 0.75% low-melting point agarose and immediately spread onto a glass microscope slide pre-coated with a layer of 1% normal melting point agarose. The slides were then incubated in ice-cold lysis solution [2.5 M NaCl, 10 mM Tris, 100 mM EDTA, 1% Triton X-100 and 10% dimethyl sulfoxide (DMSO), pH 10 .0] at 4°C for at least 1 h. After the lysis procedure, the slides were placed in a horizontal electrophoresis unit with fresh alkaline buffer (300 mM NaOH, 1 mM EDTA, pH . 13.0) or neutral buffer (3 M sodium acetate, 1 M Tris, pH 8.5), which covered the slides for 20 min at 4°C. Electrophoresis was conducted for 20 min at 25 V (0.9 V/cm) and 300 mA for alkaline conditions and for 1 h at 14 V and 12 mA for the neutral assay. Slides were then neutralized (0.4 M Tris, pH 7.5), washed in double-distilled water and stained using a silver staining protocol as described in Nadin et al. (21) . After the staining step, gels were left to dry at room temperature overnight and analyzed using an optical microscope. One hundred cells of two replicate slides were selected and analyzed for DNA migration. One hundred cells were scored visually according to the tail length and the amount of DNA present in the tail. Each comet was given an arbitrary value of 0-4 (0, undamaged; 4, maximally damaged) (22) . Damage score was thus assigned to each sample and can range from 0 (completely undamaged: 100 cells Â 0) to 400 (with maximum damage: 100 cells Â 4). International guidelines and recommendations for the comet assay consider that visual scoring of comets is a well-validated evaluation method as it is highly correlated with computer-based image analysis (22, 23) .
Methylthiazolyldiphenyl-tetrazolium bromide cell proliferation assay Methylthiazolyldiphenyl-tetrazolium bromide (MTT) reduction was performed according to Mosmann et al. (24) . Cells were seeded in growth medium and incubated overnight. Then, cells were treated for 24, 48 and 72 h with different concentrations of MMS, H 2 O 2 or CPT. After the incubation period, the culture medium was replaced by the MTT solution dissolved in PBS and the plates were incubated at 37°C for 3 h. Then, all medium was aspirated and the formazan crystals dissolved in DMSO. Results are expressed as mean percentage of absorbance at 570 nm in treated cells as compared to controls.
Cell cycle analysis
Cell cycle analysis was performed by use of Guava Easy Cyte Plus cell cytometer (Guava Technologies, Hayward, CA, USA). In brief, 5 Â 10 5 cells were seeded in complete media and the day after, cells were incubated in FBS-free medium with 400 lM MMS for 2 h, 5 lg/ml CPT for 1 h or 100 lM H 2 O 2 for 30 min. At the end of treatment, the media with genotoxic agents was removed and the cells were incubated in completed media for 24 or 48 h. After this, cells were trypsinized, centrifuged and resuspended in ice-cold 70% ethanol and left for 24 h at 4°C; then, the ethanol-fixed cells were centrifuged, washed with PBS and resuspended in PSSI buffer (0.2 mg/ml RNAse, 20 lg/ml propidium iodide, 0.1% Triton X-100) and incubated for 30 min at room temperature. The data were collected and analyzed by a Guava Personal Cell Analysis flow cytometer with use of CytoSoft software (Guava Technologies). Approximately 10 000 cells were analyzed in each experiment. All analyses were performed at least three times.
Statistics
The statistics performed were analysis of variance followed by One-way Tukey's Multiple Comparison Test using Prism Statistical Software from GraphPad (GraphPad Software, San Diego, CA, USA).
Results
Nek1 silencing affects DNA repair but not DNA damage Stable Nek1 silencing mediated by lentiviral-transduced shRNAs was confirmed at the mRNA and protein level in Hek293T and U87 cells ( Figure 1A) . DNA damage caused after treatments with genotoxic agents MMS and H 2 O 2 was not significantly different in Nek1 KD cells when compared to WT cells as estimated by the alkaline comet assay 2 h after treatment with MMS and 30 min with H 2 O 2 ( Figure 1B and D) . However, when the DNA repair capacity in both cells was measured based on the decrease of DNA damage index over time, a fast reduction was observed in WT cells whereas KD cells took much longer to repair its DNA after treatment with H 2 O 2 or MMS ( Figure 1C and E). In the cases of H 2 O 2 -induced DNA damage, the reduction in damage was very low after 4 h ( Figure 1E ). With U87 glioma cells, Nek1 KD slightly increased the DNA damage caused by MMS and H 2 O 2 pointing to a more important role in this malignant cell line ( Figure 1F ).
Nek1 is important to solve CPT-induced DNA interstrand cross links
Despite not being the most prevalent DNA alteration by CPT, ICLs seem to be the main lesion responsible for cell toxicity. Analysis of ICL formation and repair is contraintuitive in the alkaline comet assay since ICL formation reduces whereas A. L. Pelegrini et al.
repair increases migration. This occurs because denaturation of DNA containing ICLs is repressed and thus migration is retarded while repair of ICLs leads to incisions near the ICLs, thus producing DNA strand breaks which increases migration (25) . One hour of CPT treatment induced a considerable migration of the nuclear DNA of WT cells, suggesting the beginning of repair, which was not observed in Nek1 KD cells (Figure 2A and B) . The time course of ICL repair clearly shows the delay of Nek1 KD cells in repairing this kind of lesion, since only after 12 h was an increase in migration observed, in DNA repair and cell cycle regulation in Nek1 KD cells contrast to WT cells ( Figure 2B and C) . When only doublestrand break (DSBs) were evaluated, using the neutral comet assay, the Nek1 KD cells did not present any nuclear DNA migration, whereas the WT cells presented a considerable increase in migration 2 and 4 h after treatment ( Figure 2C) .
In order to ascertain that this lack of migration was indeed due to the formation of cross links and not a result of complete repair of the DNA damage, cells were pretreated with MMS to induce DNA breaks followed by treatment with CPT. In this case, an increase in migration was observed in the KD cells that was similar to WT cells ( Figure 2D and E). When CPT treatment preceded MMS treatment, the level of DNA damage was not different from CPT alone, strongly suggesting that the effect seen with CPT was due to DNA ICL formation ( Figure  2D and E).
Nek1 is important for the phosphorylation of H2AX and Chk1 in response to CPT In order to assess where in the pathway from DNA damage to cell cycle arrest Nek1 was acting, we analyzed the phosphorylation status of Chk1 in response to CPT in WT and KD cells. The phosphorylation of Chk1 at Ser296 was almost completely abrogated in KD cells in response to CPT (Figure 3) suggesting that Nek1 is involved at the early event of recognition and response to CPT-induced DNA damage. H2AX phosphorylation at Ser 139 (also known as cH2AX) was also reduced in KD cells in relation to WT cells in response to CTP (data not shown). . Quantification of DNA damage index by comet assay under alkaline and neutral conditions after 1 h treatment with 5 lg/ml of CPT and 0, 12 or 24 h of recovery (C). Cells were treated with CPT plus MMS (left) for 1 h, for 1 h with CPT followed by a treatment of 1 h with MMS (middle) or for 1 h with MMS followed by a treatment of 1 h with CPT (right) (D). Quantification of DNA damage index by alkaline comet assay with the combinations of CPT and MMS (E). Data are from three independent experiments. **P , 0.01, ***P , 0.001 with analysis of variance followed by One-way Tukey's Multiple Comparison Test. Fig. 3 . Nek1 is important for Chk1 phosphorylation in response to CPT. Hek293T cells were treated with CPT (5 lg/ml) for 1 h lysed and analyzed by western blotting using an antibody against phosphor-(Ser 296)-Chk1. The coomassie blue-stained PVDF (polyvinylidene difluoride) membrane was used as loading control (LC). Result shown is representative of at least three independent experiments.
A. L. Pelegrini et al. Figure 4A and B). CPT treatment was described to induce cell cycle arrests at the end of S phase with a 4N DNA content regardless of whether the damage was introduced pre-or post-DNA replication (28) . CPT induced a cell cycle arrest in WT cells with a 4N DNA content and, in contrast to cells treated with MMS or H 2 O 2 , Nek1 KD cells treated with CPT also arrested with 4N DNA content suggesting that Nek1 is not involved in ICL-induced G 2 /M arrest signaling or that the lack of ICL repair in Nek1 KD cells makes them arrest due to stalled replication forks at the end of S phase.
Nek1 silencing reduces cell survival to genotoxic agents In order to evaluate the effect of the alteration in repair kinetics and cell cycle arrest regulation on the biology of the cell after genotoxic damage, we evaluated cell viability after DNA damage. Both Hek293t and U87 cells with Nek1 KD were more sensitive to low doses of MMS, CPT and H 2 O 2 , with higher doses being equally toxic probably due to a plateau effect ( Figure 5A ). Furthermore, intermediate concentrations of MMS, H 2 O 2 and CPT produced a faster reduction in cell viability of KD cells when compared to WT cells ( Figure 5B ). This indicates that Nek1 plays an important role in the repair of lesions induced by MMS, H 2 O 2 and CPT, thus affecting the overall survival of cells in which Nek1 is silenced.
Discussion
IR-induced DNA damage has already been shown to activate Nek1, which localized to nuclear foci of DNA damage. Furthermore, deletion of Nek1 reduced DNA repair and potentiated the lethality of IR (6, 9) . Here, we report the importance of Nek1 in DNA damage response (DDR) after exposure to different agents that produce an array of DNA damage that differs from IR-induced DNA damage. We show that Nek1 KD reduces repair, cell cycle arrest and viability to DNA damage induced by the alkylating agent MMS, the ROS inductor H 2 O 2 and the ICL inductor CPT. Nek1 seems to play an important role in G 2 checkpoint arrest induced by MMS and H 2 O 2 with a strong lack of arrest after treatment with these agents. Surprisingly, both WT and KD cells presented an increase of the 4N cell population when treated with CPT, despite the striking retardation in the repair of CPT-induced ICLs observed in Nek1 KD cells. One plausible hypothesis is that while WT cells arrested due to G 2 /M checkpoint activation, Nek1 KD cells arrested at the end of S with a 4N DNA content due to unresolved ICLs (28) . This is further supported by the absence of DSBs in Nek1 KD cells at the early times after CPT treatment, suggesting that Nek1 is essential for the DSB formation that follows CPT-induced ICL, since formation of DSBs is a crucial step for the ICL repair and this step occurs predominantly in the S phase of the cell cycle (29) . Nek1 KD cells eventually form DSBs, suggesting that other proteins, including other Nek isoforms, can eventually substitute the absent Nek1.
In response to IR, i.e predominantly DSBs formation, Nek1 was shown to be fundamental for Chk1 but not for H2AX phosphorylation, suggesting that Nek1 is located downstream of ATM, but upstream of Chk1 in the signalling cascade involved in the DDR to DSB (9) . Similarly to what was observed with IR, Nek1 was also required to CPT-induced phosphorylation of Chk1. Preliminary evidence suggests that Nek1 is also required for the phosphorylation of H2AX on Ser 139, which is described to be a process dependent on PI3K-like kinases, such as ATM, ATR and DNA-PKs (30) . The reduced phosphorylation of Chk1 and H2AX in response to CPT in Nek1-KD when compared to WT cells points to the importance of Nek1 in the signaling activated by CTP-induced DNA damage.
Our data point to the hypothesis that Nek1 does not belong to a specific DDR signalling complex, but acts in different signalling pathways that respond to a variety of DNA damage. NER, BER, HR and NHEJ all contribute to repair of DNA damage in response to the agents used in the present study. Lack of Nek1 retarded repair to all of these agents and affected the cell cycle response and survival to these three agents.
The lack of repair and the increase in mortality rate in Nek1 KD cells that were exposed to genotoxic stress could be a result of cell cycle defects. It is common that mutants related to cell cycle regulation are more susceptible to genotoxic stress since some repair mechanisms depend upon the normal cell cycle progression (31) . Additionally to the direct involvement of Nek1 in the detection, repair and/or signalling of DNA damage, this kinase was shown to modulate mitochondrial function through the association and phosphorylation of the mitochondrial voltage dependent anion channel 1, which seems to modulate the cellular response to DNA damage (32) . This effect could be responsible, at least in part, for the reduced survival to DNA damage in the Nek1 KD cells. When comparing the cancerous U87 cells with the non-cancerous Hek cells, the former presented an increase in DNA damage when compared to the latter in the absence of Nek1, but this increased damage did not reflect further reduction in survival, suggesting that this cancer cell line is able to better cope with damaged DNA.
It is still too early to say if Nek1 is acting directly in cell cycle control or if it is acting in repair routes or even both. Meanwhile, our results suggest a broader role of Nek1 in several kinds of DDR mechanisms and that defects in the Nek1 and possibly other members of the family may be involved in altered sensibility to several forms of DNA damage.
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